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Intro duc tion
In China, the gen er a tion of hos pi tal waste (HW) has increased rap idly over the past decade. Cur rently approx i mately 0.65 mil lion tons of HW are pro duced every year (Liu et al., 2006) . The universal use of dis pos able plas tic and/or metal lic appli ances dur ing med i cal treat ments is a sig nif cant con tri bu tion to the total HW gen er ated.
Nev er the less, little atten tion was paid to the treat ment of HW in China before the out break of the national-wide Severe Acute Respi ratory Syn drome (SARS) in 2003. Most of these wastes were mixed with municipal solid wastes (MSW) for land fll ing, and only small amount was treated by steam ster il i za tion to con trol highly infec tious matter (Ji, 2005) . A large amount of dan ger ous infec tious HW, espe cially plas tic syrin ges and nee dles, were trans ferred into soci ety with out any treat ment. Sev eral acci dents have been reported where mis handling of HW wastes led to infec tions (Shang and Jia, 2002) . Fur thermore, some plas tic appli ances were even used as recy cled mate rial to pro duce prod ucts such as bev er age bot tles, dis pos able cups and food bags (Zhang, 2006) , which may pose threats to human health.
In 2003, the national-wide SARS out break caused the Chi nese gov ern ment to pay greater atten tion to the han dling and dis posal of these types of spe cial wastes. Pres ently, HW is listed as the number one haz ard ous waste and, fur ther more, sev eral reg u la tions on the col lec tion, trans por ta tion and dis posal of HW have been established by the State Envi ron men tal Pro tec tion Admin is tra tion of China. Mean while, the gov ern ment has pro vided large amounts of funds to sup port build ing large-or medium-scale incin er a tion plants for HW dis posal. Cur rently, incin er a tion has become the major method for HW dis posal, and almost every big city owns at least one HW incin er a tion plant. It is esti mated that cur rently there are over 300 incin er a tors and the num ber is still increas ing (Yan et al., 2003) . Nev er the less, there are still small-scale inciner a tors oper at ing in hos pi tals in some small cit ies. These types of incin er a tors may cause spe cial envi ron men tal con cern.
Gen er ally, in China, a large-scale incin er a tion plant can dis pose approx i mately 30-40 tons of HW per day, and a medium-scale plant can dis pose about 20 tons. Thus, large amounts of var ious HW incin er a tion ashes are gen er ated. Cur rently, only small amounts of these ashes are solid i fed by mix ing with cement, and a large portion is still dis posed by land fll ing directly or pil ing up near the incin er a tion plants. Incin er a tion has become the main mech a nism for hos pi tal waste (HW) dis posal in China after the outbreak of Severe Acute Respi ra tory Syn drome (SARS) in 2003. How ever, little infor ma tion is avail able on the chem i cal prop er ties of the result ing ashes. In the pres ent study, 22 HW ash sam ples, includ ing 14 sam ples of bot tom ash and eight sam ples of fly ash, were col lected from four typ i cal HW incin er a tion plants located across China. Chem i cal anal y sis indi cated that the HW ashes con tained large amounts of metal salts of Al, Ca, Fe, K, Mg, Na with a con cen tra tion range of 1.8-315 g kg
¡1
. Fur ther more, the ashes con tained high con cen tra tions of heavy met als such as Ag, As, Ba, Bi, Cd, Cr, Cu, Mn, Ni, Pb, Ti, Sb, Sn, Sr, Zn with a vast range of 1.1-121,411 mg kg
, with higher con cen tra tions found in the fly ash sam ples. Sequential extrac tion results showed that Ba, Cr, Ni and Sn are pres ent in the resid ual frac tion, while Cd existed in the exchange able and car bon ate frac tions. As, Mn, Zn existed in the Fe-Mn oxide frac tion, Pb was pres ent in the Fe-Mn oxide and resid ual frac tions, and Cu was pres ent in the organic mat ter frac tion. Fur thermore, tox ic ity char ac ter is tic leach ing pro ce dure (TCLP) results indi cated that leached amounts of Cd, Cu and Pb from almost all fly ash sam ples exceeded the USEP A reg u lated lev els. A com par i son between the HW ashes and municipal solid waste (MSW) ash showed that both HW bot tom ash and fly ash con tained higher con cen tra tions of Ag, As, Bi, Cd, Cr, Cu, Pb, Ti, and Zn. This research pro vides crit i cal infor ma tion for appro pri ate HW incin er a tion ash man age ment plans.
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Few reports are avail able on HW ash; most of the stud ies have focused on the emis sions of organic pol lu tants dur ing the inciner a tion pro cess. It has been reported that when some plas tics in HW are incin er ated, car cin o genic chem i cals such as PAHs (polycy clic aro matic hydro car bons), PCBs (poly chlo ri nated biphe nyls), PCDDs (poly chlo ri nated dibenzo p-di ox ins) and PCDFs (poly chlori nated dib enzofu rans) can be pro duced and depos ited on the surface of the ash par ti cles (Wag ner and Green, 1993; Lee et al., 2002) . Kuo et al. (1999) has shown that high con cen tra tions of Cr and Ni in HW bot tom ash were found because most hos pi tals in Tai wan do not grind or melt nee dles and syrin ges. For com par i sons, the con cen tra tion of Cr in HW ash was 17 times higher than that typ ically found in MSW ashes. Mean while, high mobil ity of heavy metals such as Cd, Ni, Pb and Zn in HW ash was also reported since these ele ments are mainly con tained in exchange able and car bonate forms (Lom bardi et al., 1998; Su kan dar et al., 2006; Ibanez et al., 2000) .
The main objec tives of this work were: (1) to exam ine the chem i cal com po si tion, espe cially heavy metal con cen tra tions, in HW ashes; (2) to iden tify the heavy metal spe cies to inves ti gate their envi ron men tal mobil ity and avail abil ity; and (3) to determine the leach abil ity of heavy met als in HW ashes to eval u ate their envi ron men tal impacts.
Mate ri als and meth ods

Sam ple col lec tion and prep a ra tion
Twenty-two HW ash sam ples were col lected from four typi cal hos pi tal waste incin er a tors in China. Sam pling loca tions are pre sented in Fig. 1 . Table 1 shows the back ground infor ma tion and oper at ing con di tions of the incin er a tors. HWI-I, located in south China, is a spe cial type of medium-scale incin er a tor, which combined more than ten small fxed grate fur naces. Part or all of the fur naces are oper ated accord ing to the amount of hos pi tal wastes col lected. Although, air pol lu tion con trol devices (AP CDs) are equipped on each fur nace, fly ash could not be col lected in this type of incin er a tor; thus only bot tom ash was obtained. Two mixed sam ples (BA1, BA2) were col lected every two weeks from the inciner a tor. HWI-II is a typ i cal small incin er a tor run by a hos pi tal in a county located in the cen tral part of China (Fig. 1) . The inciner a tor, rep re sent ing hun dreds of incin er a tors run ning in China, has no AP CDs, thus only bot tom ash could be col lected. Sam pling activ i ties were con ducted over three months, and 12 mixed samples (BA3-BA14) were col lected once a week. HWI-III, located in north east China, is a medium-scale incin er a tor oper ated in a large city. Incin er a tion ash is mainly col lected in the bag fl ters as fly ash, and the res i due mainly con sists of unburned glass, plas tics and metallic matter. Thus, only fly ash sam ples were col lected from these incin er a tors. The sam pling activ i ties were car ried out with for one month, and two homog e nized sam ples (FA1, FA2) were collected. HWI-IV, located in the cap i tal city, Bei jing, is a large-scale incin er a tor with a batch pro cess ing capac ity of 40 tons per day; the incin er a tor was prop erly designed and has well-main tained AP CDs. Six sam ples (FA3-FA8) were col lected twice a month. After sam pling, all samples were dried at 105 °C for 24 h and ground to <0.25 mm using an agate mortar for anal y sis. 
Ele men tal anal y sis
Heavy met als were ana lyzed by induc tively cou pled plasma opti cal emis sion spec tros copy (ICP-OES) after HNO 3 /HClO 4 /HF diges tion (Yama saki, 1997). Anal y sis of heavy met als in the ashes was per formed using a sequen tial extrac tion pro ce dure (SEP) suggested by Tes sier et al. (1979) and mod i fed by Tan et al. (1997) . The pro ce dure clas si fed ele ments into fve frac tions (Table 2) . After each extrac tion, the sep a ra tion was achieved by cen tri fug ing at 5000 rpm for 30 min and the super na tant was fl tered through 0.45-lm mem branes and ana lyzed by ICP-OES.
Leach ing exper i ment
Leach ing of haz ard ous heavy met als from the ashes was examined accord ing to tox ic ity char ac ter is tic leach ing pro ce dure (TCLP, USEP A, 1992), in which two kinds of extrac tion solu tions, i.e., solution # 1 (ace tic acid, pH 4.9 ± 0.05) and solu tion # 2 (ace tic acid, pH 2.88 ± 0.05), were used. The liquid-to-solid ratio was 20:1 and agi ta tion time was 18 h with rotary tum bler at 30 ± 2 rpm. After extrac tion, the leach ates were fl tered with What man GF/C glass fber fl ter paper. The leach ate was acid i fed with 1 M HNO 3 solution and sub jected to ICP-OES anal y sis.
Qual ity con trol
The qual ity and precision of metal lic ele ment anal y sis were controlled using the ref er ence mate rial (NIST 1646), which was a sed iment from National Insti tute of Stan dards and Tech nol ogy (USA). A com par i son between cer ti fed val ues and those found in this study are illus trated in Table 3 . The recov er ies were between 63% and 140%. Lab o ra tory qual ity con trol pro ce dures included sam ple tripli cates. Rel a tive stan dard devi a tions of the trip li cate anal y ses were all below 5%. Aver ages of the trip li cates are pre sented in the tables and fg ures.
Results and dis cus sion
Metal con cen tra tions in var i ous HW ashes
Metal lic ele ment con cen tra tions in the HW ash sam ples are quite dif fer ent between bot tom ashes (Table 4 ) and fly ashes (Table 5 ). The bot tom ashes gen er ally con tain a high con cen tration of var i ous metal salts with aver age val ues >10 g kg ) and Zn (2.6-30.7 g kg ¡1 ). Other abun dant ele ments with aver age con cen tra tions in the range of 1-10 g kg ¡1 include K (5.3-19.9 g kg ¡1 ), Ti (1.8-15.5 g kg ¡1 ), and Ba (0.70-5.1 g kg ¡1 ). Most of the toxic heavy metals in the bot tom ashes are in the aver age con cen tra tion range of 0.1-10 g kg On the other hand, the fly ashes also con tain a high con tent of major met als with aver age val ues >10 g kg
¡1
, includ ing Na (36.2-221 mg kg ¡1 ), Zn (28.8-121 g kg ¡1 ), Ca (21.3-127 g kg ¡1 ), K (17.6-37.5 g kg ¡1 ), Fe (9.2-29.5 g kg ¡1 ) and Mg (3.0-35.6 g kg
) in abun dance order (Table 4) . Other met als with aver age con cen trations in the range of 1-10 g kg ¡1 include Al (1.8-35.9 g kg ¡1 ), Pb (0.9-5.4 g kg ¡1 ), Ba (1.2-2.9 g kg ¡1 ), Ti (0.09-8.9 g kg ¡1 ), Cu (0.42-2.9 g kg ¡1 ) and Sn (0.59-1.7 g kg ¡1 ). Other heavy met als with average con cen tra tions in the range of 0. ), and Ag (40.5-222 mg kg ¡1 ). In the fly ashes, Ga, Cr, Ni, Co were found in trace amounts with con cen tra tions <0.1 g kg
As men tioned pre vi ously, BA1 and BA2 were from a mediumscale incin er a tor, while BA3-BA14 was from a small incin er a tor. It can be seen from Table 4 that metal con cen tra tions in the ash sam ples gen er ated from the two types of incin er a tors are quite differ ent. Spe cif cally, the con cen tra tions of Al, Cu, Fe, Ag, Cr, and Ni in BA1 and BA2 were 2.0-2.3, 3.9-15.7, 1.9-11.0, 1.6-10.2, 1.3-15, and 5.7-46.7 times higher than those in BA3-BA14. This could be explained by the fact that the former incin er a tor (BA1 and BA2) dis posed of HW in a big city, includ ing approx i mately 200 hospi tals; thus the HW dis posed in this incin er a tion plant con tains higher amounts of metal lic objects, such as alu mi num cans, scalpels, nee dles, syrin ges or small metal lic med i cal tools, than the small hos pi tal-run incin er a tion facil ity. When these metal wastes are incin er ated, the ashes are often enriched with met als. Fur thermore, it could also be seen that the con cen tra tions of Bi and Pb in BA1 and BA2 are much lower than in BA3-BA14. The pos si ble reason is that the two met als and their asso ci ated com pounds gener ally pos sess high vol a til ity. Since the former incin er a tor runs at a higher tem per a ture, more Bi and Pb could have vol a til ized and could be located in the fly ash. Among the fly ash sam ples, FA1 and FA2 were from a mediumscale incin er a tor, while FA3-FA8 was from a large-scale incin er a tor. As can be seen from Table 5, the con cen tra tions of Ca in FA1 and FA2 are much higher than in FA3-FA8, but Na has the opposite trend. This is because the two incin er a tors employed dif fer ent reagents for the removal of acidic gases in the incin er a tion pro cess, i.e., FA1/FA2 used Ca(OH) 2 solu tion while FA3-FA8 used NaOH solu tions. Fur thermore, it could also be seen from Table 4 that the con tent of some heavy met als with low ther mal mobil ity such as Ti and Cr could be found enriched in FA1 and FA2, while some high vol a til ized met als such as Ag, Bi, Cu, Pb, Zn and Cd could be found enriched in FA3-FA8. This could be attrib uted to the dif fer ent incin er a tion tem per a tures per formed in the two incin er a tors, i.e., the FA1/FA2 incin er a tor performed a lower tem per a ture than FA3-FA8.
Gen er ally, fly ash con tains more toxic ele ments such as As, Cd, Pb, and Zn com pared to bot tom ash sam ples. Con cen tra tions of Cd in fly ash sam ples were about 42-62 times higher than those in bot tom ash sam ples (Tables 4 and 5 ). Some heavy met als, such as Pb, Zn and Cd, either have high vol a til ity or can eas ily form high vola tile com pounds (CdCl 2 , ZnCl 2 , PbCl 2 ) (Ver hulst et al., 1996; Jung et al., 2004; Shim et al., 2005; Su kan dar et al., 2006) , and thus tend to be trans ferred into fly ash dur ing the incin er a tion pro cess. Fur thermore, it was also reported that As could be com pletely vol a til ized when the incin er a tion tem per a ture was above 650 °C (Ver hulst et al., 1996) . This could explain the high con cen tra tion of As in the fly ash. In con trast, the con cen tra tions of Cr were rel a tively high in bot tom ash sam ples, which were 3-10 times higher than those in fly ash sam ples. Cr is gen er ally not ther mally mobile dur ing the incin er a tion pro cess, and thus mainly remains in the bot tom ash (Jung et al., 2004) . In the HW ashes, Ag tends to be enriched in fly ash, prob a bly due to the lower boil ing points of sil ver com pounds, e.g., the boil ing point of sil ver nitrate is 440 °C.
Com pared to val ues reported in other lit er a ture (Su kan dar et al., 2006; Id ris and Saed, 2002) for hos pi tal waste incin er a tor ashes, it is inter est ing to fnd that Ba and Zn con cen tra tions in this study are sig nif cantly higher, which may be attrib uted to the differ ence of raw HW mate ri als. Hos pi tal wastes in China usu ally contain high amount of plas tic mat ter, while Ba and Zn are usually used as additive in these plas tics. For exam ple, PVC used in med ical appa ra tus gen er ally con tain these two ele ments, and this type of plastics also con tains high lev els of Cl, lead ing to the high transfer ence rate of Zn into the fly ash because of the for ma tion of ZnCl 2 that has a lower boil ing point (732 °C). 
Com par i son of metal con cen tra tions in HW ashes and MSW ashes
Metal con cen tra tions in the HW ash were com pared with those pre vi ously reported in MSW ashes (Herck and Van dec as te ele, 2001; Zhang et al., 2002a,b; Zhang and Itoh, 2006; Jung et al., 2004; Wan et al., 2006; Ji ang et al., 2004; Song et al., 2004; Wu and Ting, 2006; Shim et al., 2005) , so as to iden tify the metal dis tri bu tion dif ferences between the two types of ashes (Table 6 ).
The com po si tion of HW and MSW are quite dif fer ent. Typ i cally, HW con sists of rub ber, cot ton, syrin ges, nee dles, scal pels, metal cans, plas tics, glass, and small metal lic med i cal tools, while MSW is gen er ally com posed of food scraps, plas tics, paper, yard wastes, and minor amounts of house hold con struc tion mate ri als. Thus the ashes from incin er a tion of the two waste types will be quite dif fer ent. Table 6 shows that both HW bot tom ash and fly ash contain higher amounts of Ag, As, Bi, Ti, and Zn than MSW ashes. Further more, HW fly ash con tains higher amounts of Cd, Cu, Pb than MSW fly ash, and HW bot tom ash con tains higher amounts of Cr than MSW bot tom ash. In the med i cal feld, these heavy met als are gen er ally used in med i cines, pho to graphic mate ri als, and med i cal tools. There fore, they are pres ent in the HW waste stream, caus ing their high con cen tra tions in the result ing incin er a tion ashes. Compounds of As and Ag are usu ally used in some med i cines, and sil ver nitrate is used as a sen si tive mate rial of X-ray plates. Bi is usu ally added to a sponge for use in sur gery or for dress ing wounds (Jung et al., 2004) . Bi is also used in alloys with Pb, Sn and Cd in the pro duc tion of small med i cal tools. High con cen tra tions of Cr may come from infec tious wastes such as nee dles and syrin ges (Kuo et al., 1999) . In addi tion, high con cen tra tions of Cr were found in plas tic wastes from a hos pi tal (Shim et al., 2005) . Ti is widely used in med i cal instru ments and implants as a spe cial alloy metal (e.g., substitute for bone). The large amount of Zn in HW ashes may come from a vari ety of sources. For exam ple, waste plas tics and rub ber from hos pi tals are rel a tively abun dant with Zn (Kuo et al., 1999) . Also, Zn is widely used in med i cal adhe sive plas ter, as well as in the alloys for nee dle and syringe pro duc tion (Kuo et al., 1999) . Fig. 2 shows the sequen tial extrac tion results for As, Ba, Cd, Cr, Cu, Mn, Ni, Pb, Sn and Zn in the exam ined HW ashes. Due to tox icity, these ele ments have been reg u lated by the USEP A. Among the ele ments, As and Cd were only observed in fly ash since only small amounts of them exist in bot tom ash, and the amount could not be detected when they were sep a rated into dif fer ent frac tions. ). It has been reported that met als asso ci ated with the Fe-Mn oxide frac tion could not be imme di ately chem i cal reactive, but their mobil ity and avail abil ity could be poten tially affected by the change of envi ron men tal con di tions (Tan et al., 1997) . Thus, As in HW fly ash may result in potential leach ing risk into the environ ment.
Sequen tial extrac tion results
Ba in HW bot tom and fly ashes is gen er ally pres ent in the resid ual frac tion (87.8-96.1%, 1203-3332 mg kg ¡1 ), while the per cent ages asso ci ated with the exchange able (0.1-4.0%), carbon ate (0.4-2.6%), Fe-Mn oxide (<1.5%) and organic frac tions (2.0-4.1%) are rel a tively low. The resid ual frac tion is gen er ally less mobile, and thus dif cult to leach out into the envi ron ment. Accord ingly, it is believed that Ba in HW ash is rel a tively safe after land fll ing, although the con cen tra tion is high in the ash (Tables 2 and 3) .
It has been reported that Cd can form rel a tively vol a tile compounds with chlo ride and con dense in fly ash in the incin er a tion pro cess; thus it is easy to leach out from the ash under nat u ral condi tions (Aba nades et al., 2001 ). The sequen tial extrac tion results in this study sup ported this fnd ing. Fig. 2 shows that approx imately 50% of Cd in HW fly ash is con cen trated in exchange able (34.4-51.2%, 27.3-191 mg kg ¡1 ) and car bon ate frac tions (6.6-17.3%, 9.2-36.7 mg kg ¡1 ), and 2.2-29.3% (12-15.6 mg kg ¡1 ) was observed in the Fe-Mn oxide frac tion. These results are con sis tent with previ ous stud ies (Krish nan et al., 1992; Su kan dar et al., 2006) .
Gen er ally, Cr in both bot tom and fly ashes is mainly in the fractions that are rel a tively dif cult to leach out under nat u ral condi tions: the Fe-Mn oxide frac tion (9.7-16.1%, 3.1-65.4 mg kg ¡1 ), organic mat ter frac tion (4.1-12.7%, 4.0-25.4 mg kg ¡1 ) and resid ual frac tion (76.4-84.7%, 24.1-527 mg kg ¡1 ). A rel a tively small amount of Cr exists in the exchange able frac tion (0.1-2.8%) or the car bonate frac tion (0.5-1.9%).
Most of the organic mat ter was oxi dized dur ing the incin er a tion pro cess. There fore, it is con sid ered that met als bound to this frac tion are rel a tively low. How ever, it can be seen from Fig. 2 that Cu is quite abun dant in the organic mat ter frac tion (21.8-60.1%, 133-832 mg kg ¡1 ). Among the ash sam ples, fly ashes con tain sig nif cantly higher amounts of exchange able and car bon ate frac tions than bot tom ashes, indi cat ing that Cu in HW fly ashes has more mobil ity than Cu in bot tom ashes. More over, pre vi ous stud ies have shown that Cu oxides have cat a lytic effects in the for ma tion of organic pol lu tants such as PCDDs and PCDFs (Chang and Chung, 1998 ; Hata naka et al., Table 6 Com pa ri sion of heavy metal con cen tra tions in the HW ashes and the MSW ashes (mg kg ¡1 ) ). The exchange able and car bon ate frac tions account for only 0-3.5% and 0.4-2.9%, respec tively. Com par a tively, Ni in fly ashes has higher amounts of exchange able, car bon ate and Fe-Mn oxide frac tions than in the bot tom ashes, indi cat ing that Ni in fly ashes has a higher potential to be released into the envi ron ment.
Sig nif cant amounts of Pb are asso ci ated with the resid ual fraction (30.4-72.6%, 122-4244 mg kg
¡1
) and Fe-Mn oxide frac tion (21.3-44.9%, 52.9-2347 mg kg ¡1 ). Gen er ally, only a small amount of Pb presents in exchange able, car bon ate and organic frac tions, in the range of 0-7.1%, 2.8-14.7% and 2.8-4.9%, respec tively. Compared to bot tom ashes, fly ashes con tain more car bon ate and exchange able Pb, show ing that Pb in fly ash is more mobile.
Most of Sn in the HW ash sam ples is in the resid ual fraction, account ing for 97. 4-98.9% (77.3-1427 mg kg ¡1 ). There fore, although high con cen tra tions of Sn were detected in the ash samples, it has lim ited envi ron men tal avail abil ity.
The dis tri bu tion pat terns of Zn in bot tom and fly ashes are quite dif fer ent. In the bot tom ashes, large amounts of Zn presents in the Fe-Mn oxide frac tion (33.2-57.2%, 3636-4064 mg kg ¡1 ) and Dur ing incin er a tion, the mech a nisms gov ern ing the fate of metals, includ ing nucle at ing, con dens ing and coag u lat ing aer o sol, are extremely com plex. In the case of MSW, it has been reported that the vapor phase of Cd, Pb, Zn, and As trans ferred into fly ash by nucle ation and depo si tion and most of them existed in the form of metal lic or metal oxide, which was eas ily sol u ble (Lang ton, 1989; Wil liam and Wendt, 1993) . Based on the results obtained in the cur rent study, the fol low ing mech a nisms gov ern ing metal spe ci ation could be deduced:
Ba, Cr, Ni and Sn, with high boil ing points, were mainly transferred into the bot tom ash, with only small amounts car ried into the gas eous phase. These met als were observed both in the bot tom and fly ash sam ples and did not eas ily react dur ing the incin er a tion pro cess, and thus were mainly found in the sta ble matri ces (res idue frac tion). As, Cd, Pb, and Zn, with lower boil ing points, could eas ily vol a til ize into flue gas at higher tem per a tures and con dense on the sur face of the fly ash result ing in the for ma tion of compounds that can leach. On the other hand, the spe cies of Cu were quite dif fer ent from other met als. High Cu con tent in the organic mat ter frac tion could be attrib uted to the fact that Cu had cat a lytic effect in the for ma tion of organic pol lu tants, e.g., PCDD/DF (Chang and Chung, 1998; Hata naka et al., 2004) , and thus was typ i cally found with the organic frac tion of the ash sam ples. Table 7 presents the TCLP leach ing results. It was observed that both Cd and Pb in the leach ate of the eight fly ash sam ples exceeded the USEP A reg u la tory lim its by 2.9 to 50 times and 1.1 to 38 times, respec tively. Cu leach ing from FA3, FA4, FA5, and FA8 also exceeded the reg u lated level. These results were con sis tent with the results obtained in the sequen tial extrac tion tests. Therefore, the fly ashes should be cat e go rized as haz ard ous wastes that need strict man age ment and dis posal. Com par a tively, the bot tom ashes gen er ally cause less envi ron men tal con cern, except that the amount of Cr leached from BA9 exceeded the reg u la tory value. A fur ther inves ti ga tion on BA9 showed that the raw mate rial of this sam ple con tained an abun dant amount of bro ken pin heads, which may con trib ute to the high TCLP leach ing result for Cr, since pin heads are made from alloys con tain ing Cr. There fore, sep a rate col lec tion of metal lic items, such as pin heads, from HW could be extremely impor tant to reduce the envi ron men tal impact of ashes.
TCLP tests
Con clu sions
Based on the results obtained in this study, HW ashes are a special type of wastes con tain ing rel a tively large amounts of heavy met als, which make these ashes dif fer ent from tra di tional MSW ashes. The con cen tra tions of some toxic heavy met als, such as Ag, As, Bi, Cu, Cd, Cr, Ni, Pb, and Zn, in HW ashes, espe cially in fly ashes, are sig nif cantly higher com pared to MSW ashes. Among the heavy met als, more than 50% of Cd is con cen trated in the exchange able frac tion thus is highly mobile, and As, Mn, Zn and Pb are abundant in Fe-Mn oxide frac tion. The dom i nant frac tions of Ba, Cr, Ni and Sn are in resid ual frac tion, and Cu is mainly bound to organic mat ter. TCLP results indi cated that Cd, Pb, Cu and Zn in HW fly ashes have high mobil ity and their leach ing amounts exceeded the USEP A reg u la tory val ues; thus HW fly ashes should be properly treated before land fll ing to avoid con tam i na tion of the environ ment. Com par a tively, HW bot tom ashes gen er ally caused less envi ron men tal con cerns, with only one sam ple exceed ing TCLP guide lines in Cr leach ing potential. Table 7 Leach ing amount of heavy met als from var i ous HW ashes using USEP A extrac tion pro ce dure (TCLP) (mg l ¡1 ) 
